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Sciences of the Czech Republic, Prague, Czech Republic; and 4Department of Physics, Tampere University of Technology, Tampere, FinlandABSTRACT Cholesterol is important for the formation of microdomains in supported lipid bilayers and is enriched in the liquid-
ordered phase. To understand the interactions leading to this enrichment, we developed an AFM-based single-lipid-extraction
(SLX) approach that enables us to determine the anchoring strength of cholesterol in the two phases of a phase-separated lipid
membrane. As expected, the forces necessary for extracting a single cholesterol molecule from liquid-ordered phases are signif-
icantly higher than for extracting it from the liquid-disordered phases. Interestingly, application of the Bell model shows two
energy barriers that correlate with the head and full length of the cholesterol molecule. The resulting lifetimes for complete
extraction are 90 s and 11 s in the liquid-ordered and liquid-disordered phases, respectively. Molecular dynamics simulations
of the very same experiment show similar force profiles and indicate that the stabilization of cholesterol in the liquid-ordered
phase is mainly due to nonpolar contacts.INTRODUCTIONEukaryotic membranes are quasi-two-dimensional, highly
complex heterogeneous surfaces consisting of proteins and
lipids like phospholipids, sphingolipids, and cholesterol.
Cholesterol is particularly important in maintainenance of
this heterogeneity, since it is probably involved in the for-
mation of the nano- or microdomains (1,2). These structures
are suggested to play an important role in signal transduc-
tion and sorting of membrane components (3). Furthermore,
it has been proposed that microdomains are in a liquid-
ordered state, that is, characterized by lipids having a high
degree of chain order (as in the solid state) and at the
same time a high lateral mobility of the lipids (as in the
liquid-disordered state) (4). Even though the existence of
raftlike microdomains in cells is still controversial (1),
they have been intensively studied in model membranes.
Typically, these model membranes are based on ternary
lipid mixtures consisting of a lipid with a low transition
temperature, like DOPC, a lipid with a high transition tem-
perature, like sphingomyelin (SM), and cholesterol. At
room temperature, a liquid-liquid phase separation is
observed that is characterized by a liquid-ordered phase
rich in cholesterol and a liquid-disordered phase rich in
DOPC (5–7).
The different affinity of lipids for different lipid environ-
ments is important for such diverse processes as the fusion
of vesicles (8), the function of peripheral membrane pro-
teins (9), and protein sorting in the Golgi apparatus (10).Submitted April 25, 2014, and accepted for publication July 7, 2014.
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0006-3495/14/09/1167/9 $2.00For instance, the preference of cholesterol for ordered mem-
branes seems to be essential for its passive transport from
the endoplasmic reticulum via the Golgi apparatus to the
plasma membrane (11,12).
Furthermore, it is still not completely clear why and how
certain lipids accumulate within a cell at different locations
(11). Their anchoring strength is certainly an important
parameter, which to our knowledge has not yet been
determined in a phase-separated lipid bilayer. Therefore,
determination of the dependence of anchor strength on
different parameters, such as the phase state of the mem-
branes or membrane composition, contributes to our under-
standing of these important processes.
Supported lipid bilayers (SLBs) are routinely used for
lipid membrane studies (13). They can be considered as a
first approximation of the lipid part of cellular membranes.
SLBs opened the road for the investigation of lipid mem-
branes with sophisticated surface-sensitive techniques like
surface plasmon resonance (14), total internal reflection
fluorescence microscopy (15), the surface force apparatus
(16), and atomic force microscopy (AFM) (17). The surface
force apparatus and AFM are also ideal for manipulating
SLBs in a controlled way (18,19). They have been used to
extract lipids from SLBs, but the methods used in those
studies involved pulling biotinylated lipids out of a mem-
brane, thus having a different molecule every time and
hence a different spacer length (20–22). Constant spacer
length is crucial to extraction of thermodynamic parameters
with high accuracy.
To complement bulk methods for studying the interaction
between lipids and lipid membranes, we established ahttp://dx.doi.org/10.1016/j.bpj.2014.07.018
1168 Stetter et al.single-molecule-based method that measures the force
necessary to extract a single lipid molecule out of a lipid
membrane. This provides a constant spacer length and a
phase-specific result. To this end, we covalently attach a sin-
gle cholesterol molecule via a polyethyleneglycol (PEG)
spacer to an AFM tip. This approach guarantees that we
always pull one and the same molecule out of the lipid mem-
brane. By analyzing the extraction forces at different
loading rates, we derive thermal activation parameters,
such as the potential width and the lifetime of a lipid mole-
cule in a lipid membrane. By means of molecular dynamics
(MD) simulations, we are able to mimic experiments and to
describe at the molecular level interactions between the ex-
tracted lipid and its environment.MATERIALS AND METHODS
1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), egg-SM (mainly 16:0 SM),
cholesterol, and rhodamine-PE (1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl)) were purchased from
Avanti Polar Lipids (Alabaster, AL). Cholesterol-PEG-NHS (5 kDa) was
purchased from Nanocs (New York, NY). Methyl-PEG-NHS (6 kDa),
NHS-PEG-NHS (5 kDa) was from Rapp (Tu¨bingen, Germany). HPLC
water and Hepes were purchased from Biochrom (Berlin, Germany).
Chloroform (HPLC-grade) was purchased from Sigma-Aldrich (St. Louis,
MO). Ethanol (pure) was obtained from Merck (Darmstadt, Germany).5
3
µm
APreparation of unilamellar vesicles
POPC or a mixture of DOPC, SM, and cholesterol (2:2:1) (PSC221
mixture) was dissolved in chloroform to a final concentration of
1 mg/mL, and 0.1 mol % of Rhodamine-PE was added. The solution was
placed in a glass vial and chloroform was evaporated by a nitrogen flow fol-
lowed by vacuum evaporation for at least 6 h at 0.1 mbar to ensure the
absence of chloroform traces. Then, 1 mL of an aqueous buffer (10 mM
Hepes and 4 mM CaCl2) was added, and after gently shaking for 30 min,
multilamellar vesicles were obtained. To form unilamellar vesicles, the
solution was extruded (Mini-Extruder, Avanti Polar Lipids) 31 times using
a 100 nm filter (Nucleopore, Whatman, Piscataway, NJ) and allowed to
equilibrate overnight at 4C.
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FIGURE 1 (A) Tapping-mode AFM image of a PSC221 membrane. Dark
gray areas correspond to the LD phase and light gray areas to the LO phase.
The black spot shows an area which is not covered by a lipid membrane.
The white spot is a nonfused vesicle. (B) Section corresponding to the
dotted line in A.Preparation of SLBs
SLBs were formed on mica via the vesicle fusion method (23). As model
lipids, we chose the PSC221 mixture. To form an SLB, the vesicles have
to fuse with the surface of a mica plate (1 cm2) glued to a temperature-
controllable fluid cell. To that aim, the vesicle solution was diluted 1:10
using the same buffer as before. Then, 50 mL of solution was applied to
the freshly cleaved mica sheet for an incubation time of 45 min. After incu-
bation, the fluid cell was gently rinsedwith 200mL ofwater and incubated at
50C for 30min. The fluid cell was then allowed to slowly cool down to room
temperature and rinsed again with at least 200 mL of pure water and then
with the buffer used for the experiments (50 mM NaCl and 10 mM Hepes,
pH 7.1). Finally, the quality of the bilayer was optically checked with fluo-
rescence microscopy. If too many nonfused vesicles were present, the sam-
ple was discarded. In addition, the fluorescence image of the PSC221-SLB
should display a coexistence of two types of regions, one with a high and
the otherwith a lowfluorescence intensity, corresponding to the liquid-disor-
dered (LD) and liquid-ordered (LO) states, respectively.Biophysical Journal 107(5) 1167–1175AFM tip functionalization
Covalent attachment of a single lipid (POPC or cholesterol) molecule (via a
PEG spacer) was achieved by applying the following protocol.
First, silicon nitride cantilevers (MLCT, Bruker, Santa Barbara, CA) are
placed in pure ethanol for 30 s. Chips are carefully dried with filter paper
and oxygen plasma is then used to form OH groups on the surface of the
tips (surface activation).
To form NH2 groups on the tip surface (amination), chips were incubated
in an APTES (amino-propyl-tri-etoxy silane) solution (Vectabond/dry
Aceton, 1:100, v/v) for 15 min immediately after the activation process
and were then thoroughly rinsed with acetone. The formation of stable
NH2 groups was completed by baking the chips at 70
C for 15 min. During
baking, a solution consisting of a 1:10 mixture of lipid-PEG-NHS/methyl-
PEG-NHS (50 mg/mL) in chloroform/triethylamine (5%) was prepared.
Cholesterol functionalization of the cantilever was finally achieved by
placing the cantilevers overnight in this solution in a chloroform saturated
atmosphere. Right before the experiment, cantilevers were rinsed with chlo-
roform, then ethanol, then ultrapure water.AFM imaging and force spectroscopy
The experiments were carried out with AFM imaging and force spectros-
copy performed using an MFP-3D AFM (Oxford Instruments/Asylum
Research, Santa Barbara, CA). All experiments were done in aqueous
buffer (50 mM NaCl and 10 mM Hepes, pH 7.2). MLCT cantilevers
were used for both imaging and force spectroscopy. Nominal spring con-
stants were between 0.01 and 0.1 nN/nm and were determined by applying
the thermal noise method (24,25). Imaging was performed in intermittent
contact mode, before and after force measurements, to make sure that all
extraction curves were made on the same lipid phase (Fig. 1, A and B).
Single Cholesterol Extraction from Lipid Membranes 1169Extraction measurements were performed by vertically directing the
cholesterol-functionalized AFM tip toward the SLB (Fig. S1 (1 and 2) in
the Supporting Material). When the tip is close to the bilayer it starts to
contact the bilayer (Fig. S1, 2 and 3). Then a small force (~100 pN) is
kept constant by a feedback loop for ~4 seconds (Fig. S1, 3 and 4). If the
cholesterol inserts into the bilayer during this dwell time, it is pulled out
or extracted from the bilayer upon retracting the AFM tip from the bilayer
(Fig. S1, 4 and 5). The tip was moved with vertical velocities, v, of 50, 500,
or 5000 nm/s.Data evaluation
Typically, all analysis steps were carried out automatically by a home-
written algorithm based on the software IGOR Pro 6 (Wavemetrics,
Portland, OR).
Extraction curves were first recorded as cantilever deflection versus piezo
extension. Then, the cantilever sensitivity was determined by measuring
the slope of the deflection-extension curve after the experiment by pressing
the tip onto the hard mica surface. Together with the spring constant (see
above), this allowed for calculating the force-versus-distance curves. The
force at rupture was recorded as the extraction force. Each data point
consisted of 200–400 extraction curves taken from either the LO or the
LD phase. After correction for hydrodynamic effects (26), the extraction
forces were plotted in histograms for each tip velocity and either of the lipid
phases.
After normalization, these probability distributions (p(f), where f is the
force) can be directly transformed into lifetime-force distributions, t(F),
which are normally the result of constant-force (force-clamp) experiments.
To this aim, we applied Dudko’s formula (27),
tðFÞ ¼
Z N
F
pðf Þdf _FðFÞpðFÞ; (1)
where _FðFÞ is the force-dependent loading rate,_FðFÞ ¼ v
2
41
k
þ 2bLLp

1þ bFLp

3þ 5bFLp þ 8

bFLp
5 =2
3
5
1
: (2)
It was assumed that the stretching curve can be described by a wormlike
chain, where L is the contour length of the linker and L its persistencep
length, b ¼ kBT is the thermal energy, v is the pulling velocity, and k is
the cantilever spring constant. For the data evaluation, we used Lp ¼
0.3 nm and L ¼ 27 nm.
Finally, these force-dependent lifetime distributions were fitted with the
Bell model,
tBellðFÞ ¼ tBellð0Þe
xbF
kBT; (3)
to get the thermal activation parameters of the lipid extraction process,
namely, the width of the potential, x , and the lifetime, t (0), at zero forceb Bell
(natural lifetime) (see Fig. S2 for a definition of xb). Here, a semiloga-
rithmic representation for the force-lifetime distribution was chosen to
give the Bell model a linear appearance.
To get an estimate for the activation free energy connected to the extrac-
tion process, we employed the Arrhenius law:
DGextr;LO ¼ kBT lnðA  tLOð0ÞÞ
DGextr;LD ¼ kBT lnðA  tLDð0ÞÞ; (4)
where tLOð0Þ is the lifetime of the cholesterol at zero force in the LO phase,
t ð0Þ is the lifetime at zero force in the L phase, and A is the ArrheniusLD D
prefactor. For lipids, we can assume A ¼ 107 (28).
Therefore, the ratio of the two lifetimes can be written astLDð0Þ
tLOð0Þ ¼ exp

DGextr;LO  DGextr;LD
kBT

(5)
It follows for the difference between the Gibbs activation free energies of a
cholesterol molecule in both phases at zero force
DDGextr ¼ kBT  ln
tLDð0Þ
tLOð0Þ: (6)
Since the final state is the same for extraction from both the the LO and LD
phases, the difference in activation Gibbs free energies, DDG , must beextr
equal to the difference of the standard parts of the Gibbs free energies
DG0;extr;LO  DG0;extr;LD (see Fig. S2). This difference is again equivalent
to the standard part of the free-energy change, DG0,LO/LD, when choles-
terol is transferred from the LO phase directly to the LD phase. We will
use this in the Discussion section to compare our results with those of
others.MD simulations
The process of lipid extractionwasmodeled at the atomistic level employing
MD simulations that included either 64 or 128 lipids and 5000 water mole-
cules. Both extraction of POPE from the POPC bilayer and extraction of
cholesterol frommodel LD andLOmembraneswere simulated. Both equilib-
rium (i.e., without pulling a POPE or cholesterol molecule out of the bilayer
but with the extracted molecule equilibrated at a certain distance from the
bilayer midplane) and nonequilibrium MD simulations (i.e., with pulling
of POPE or cholesterol out of the bilayer) were performed. The united-
atom Berger’s force field was used for lipids. In the case of SM, the param-
eterization developed for 16:0 SM byNiemela¨ et al. was employed (29). The
LD and LO phases were modeled by tricomponent (DOPC, SM, cholesterol)
bilayers with varying ratio of the components. The LD and LO phases were
modeled employing DOPC/SM/cholesterol ratios of 72:48:8 and 12:56:60,
respectively. The buffer used in the extraction experiments was not included
inMD simulations, because its effect would be negligible due to low concen-
tration in comparison with the number of particles included in the simulated
systems (the concentration corresponds to 2.5 NaCl and half a Hepes mole-
cule per bilayer leaflet). The equilibrium free-energy profile of extracting a
molecule of POPE from the POPC lipid bilayer was calculated employing
potential of mean force (PMF) calculations with the umbrella sampling
scheme. The force profiles of lipid extraction were calculated employing
nonequilibrium simulations with pulling of POPE and cholesterol. In the
case of cholesterol extraction, a detailed evaluation of cholesterol-membrane
interaction for the pulled cholesterol was performed. Additional simulations
of cholesterol in LO and LD bilayers under equilibrium were performed to
elucidate the nature of cholesterol stabilization in both systems. Further
computational details are given in the Supporting Material.RESULTS
To guarantee the reliability and reproducibility of our exper-
iments, we started out by coupling phospholipids (POPE) to
AFM tips and measured the force needed to extract a single
POPE molecule from a POPC lipid bilayer. Fig. 2 A shows
the superposition of >100 extraction curves. Fig. 2, B–D,
shows that the resultswithin one experiment, aswell as the re-
sults of different experimentswith the same system, are repro-
ducible. The obtained extraction forces are 50 5 5 pN,
which is consistent with previous results (see Discussion).
In nonequilibrium MD simulations of POPE extraction
from the POPC bilayer, we varied the pulling rates betweenBiophysical Journal 107(5) 1167–1175
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FIGURE 2 Extraction of a POPE molecule from a POPC bilayer at 1 mm/s. (A) Superposition of >100 extraction curves. (B) Histogram of extraction
forces. (C) Scatter plot of extraction force versus rupture distance. (D) Forces (5SD) needed to extract POPE molecules from POPC bilayers for three
independent experiments.
1170 Stetter et al.0.0025 and 1 m/s. Rates as low as these used in the experi-
ment cannot be achieved due to computational costs, which
increase with the reduction of the pulling rate. Representa-
tive force profiles are shown in Fig. 3. By comparing the re-
sulting nonequilibrium and equilibrium force profiles (the
latter obtained as equilibrium forces at constrained posi-
tions, approximately corresponding to an infinitely slow
pulling rate), we conclude that a pulling rate of at most
0.05 m/s should be used in nonequilibrium MD simulations.
The mean extraction force values (5 SD) are 69 5 2 pN
and 70 5 2 pN for pulling rates of 0.0025 and 0.05 m/s,
and 70 5 2 pN for the equilibrium pulling. These values
are in a reasonable accord with the force obtained by the
AFM experiment.
To study the extraction of a single cholesterol molecule
from a phase-separated PSC221 bilayer, the cholesterol
molecule was attached to the AFM tip via a PEG spacer.
Stretching curves were associated with single lipid extrac-
tions when we observed a single rupture event (a drop to
the baseline) and when the distance from the surface at
the time of rupture was less than or equal to the contour
length, L, of the PEG-molecule (L ~ 27 nm). Longer events
or multiple ruptures represent multiple molecules in parallel
or unspecific adhesion. Roughly 20% of all force curves
were identified as single extraction events. From theseBiophysical Journal 107(5) 1167–1175traces, we determined the forces that were necessary to
pull a single cholesterol molecule out of the LO and the
LD regions of a phase-separated lipid membrane made
from the PSC221 mixture. To obtain the potential width
and the lifetime, measurements were carried out at three
different pulling speeds (50, 500, and 5000 nm/s) for each
phase.
Fig. 4 shows representative extraction force histograms
for both LO and LD phases at different pulling speeds. All
measurements were carried out in duplicate and were fully
reproducible. Negative controls with no cholesterol attached
showed an insignificant number (<1%) of (false-positive)
extraction events. For the extraction of cholesterol from
the LD phase, we get mean (5 SD) extraction forces of
12 5 5, 20 5 5, and 30 5 5 pN for 50, 500, and
5000 nm/s, respectively. For the extraction of cholesterol
from the LO phases, we get mean (5 SD) extraction forces
of 22 5 5, 28 5 5, and 36 5 5 pN for 50, 500, and
5000 nm/s, respectively.
Fig. 5 shows the measured data after model-free transfor-
mation of the histograms into force-dependent lifetimes, as
described in Materials and Methods. Neither extraction
from the LO phase nor that from the LD phase can be
described with a single Bell model. Therefore, following
Evans (22), we fit the data in a piecewise manner. The
403020100
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FIGURE 4 Force distribution for the extraction of cholesterol from LO
phases and LD phases. The LO phases are rich in cholesterol, and the LD
phases are not.
FIGURE 3 Force profiles calculated during nonequilibrium MD simula-
tions of POPE extraction from POPC (upper row) and cholesterol extraction
from LO and LD bilayers (lower row). For POPE, two extraction rates are
depicted, with the equilibrium force profile shown as circles. Low extrac-
tion rates (0.05 m/s at most) are required in nonequilibrium simulations
to reproduce the force profile calculated under equilibrium conditions.
One extraction rate is presented for cholesterol extracted from disordered
and ordered lipid bilayers. The corresponding force versus time depen-
dencies are shown in Fig. S4.
Single Cholesterol Extraction from Lipid Membranes 1171lifetime-force distribution for each phase is divided in a
low- and a high-force regime, and Bell models are fitted
in each regime separately. The resulting thermal activa-
tion parameters are given in Table 1. Utilizing Eqs. 4
and 6 results in activation free energies of DGextr;LO ¼
20:6 kBTð51:5 kJ=molÞ and DGextr;LD ¼ 18:5 kBT
ð46:3 kJ=molÞ for the LO and LD phases, respectively,
and therefore in an activation free energy difference,
DDGextr, between the phases of 2.1 kBT (5.2 kJ/mol).
MD simulations of cholesterol extraction from LO and
LD phases were performed at pulling rates of 0.0025 and
0.05 m/s. Each value was determined from five independent
simulations in both LD and LO cases, with varying lateral
localization of the pulled cholesterol molecule with regard
to other lipid components. The resulting mean extraction
force values are reported in Table 2 and representative force
profiles are shown in Fig. 3 (lower plots). Note that although
there are minor discrepancies between the forces calculated
at the two pulling rates, the difference between the pulling
from the LO and that from the LD phases is evident. Namely,
in all simulated systems, the force required for pulling
cholesterol out of the membrane is higher in the LO than in
the LD phase. Assuming standard velocity dependence (30),
the force range of~90–120 pN from the MD simulation
agrees well with forces obtained from AFM experiments.
In the course of the simulations in the LD phase, the number
of contacts between the pulled cholesterol and SM increased
during the pulling, whereas contacts with DOPC became less
frequent. The pulled cholesterol was also in contact with
other cholesterol molecules. In LOmembranes, different pos-sibilitieswere observed, as some of the cholesterolmolecules
resided for whole simulations in either pure SM or mixed
DOPC/SM clusters. We pulled cholesterol from both envi-
ronments, with no differences observed in extraction force.
We based our detailed analysis of cholesterol-membrane
interactions on equilibrium MD simulations of both mem-
brane types to determine the molecular basis of the differ-
ence between cholesterol extraction from the LO and that
from the LD phases. In general, cholesterol is stabilized in
lipid membranes by both polar and nonpolar interactions
(31). This stabilization can be characterized by numbers
of contacts formed between a cholesterol molecule and mol-
ecules of lipids and water. Regarding polar interactions,
three types of contact can be observed: hydrogen bonds be-
tween the 3OH groups of cholesterol and water, hydrogen
bonds between the 3OH group of cholesterol and carbonyl
oxygen atoms of lipid, and polar pairs between the 3OH
group of cholesterol and choline groups of lipids. Nonpolar
interactions can be quantified as close contacts between
nonpolar atoms of the cholesterol ring system and nonpolar
groups in acyl chains of lipids. Table 3 shows averageBiophysical Journal 107(5) 1167–1175
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Both LO and LD phases show a biphasic behavior; therefore, a Bell model is
fitted to the distributions in the high- and low-force regimes, respectively.
Forces <10 pN are not considered, because this is the sensitivity of our
instrument.
TABLE 2 Mean extraction force for cholesterol extraction
from model LO and LD bilayers calculated employing
nonequilibrium MD simulations
Pulling rate (m/s) FLO phase (pN) FLD phase (pN)
0.0025 118 (5 5) 92 (5 5)
0.05 123 (5 5) 112 (5 5)
1172 Stetter et al.numbers of H-bonds, charge pairs, and nonpolar contacts
formed by a cholesterol molecule in the LD and LO bilayers
of a cholesterol molecule. A clear effect in the transition
from the LD to the LO phase is a significant (~9%) increase
in the number of nonpolar contacts, although changes in the
number of polar interactions around the 3OH group also
occur. Hence, the stabilization effect for cholesterol in the
LO compared to the LD membrane is due to a combination
of nonpolar interactions between cholesterol and other
membrane components, H-bonds, and other polar contacts.
In addition, we tested whether the rupture of SM-SM
hydrogen bonds plays a role during cholesterol extraction
from the LO phase. Namely, we monitored the number of
SM-SM hydrogen bonds in the nearest neighborhood of
the extracted cholesterol molecule during the extraction
of cholesterol from the LO phase in one of the MD trajec-
tories (see Fig. S5). We observe no dependence of the num-
ber of SM-SM hydrogen bonds on the position of the
extracted molecule, confirming that the rupture of SM-SM
hydrogen bonds does not significantly contribute to the
value of the extraction force.TABLE 1 Thermal activation parameters obtained from fitting
the Bell model to the low- and high-force regimes for the LO and
LD phases
Phase state Potential width, xb
Natural lifetime,
t0,Bell
Low-force regime LO 1.5 nm 90 s
LD 1.5 nm 11 s
High-force regime LO 0.8 nm 1 s
LD 0.7 nm 0.1 s
See Fig. 5 for a visual representation of the fit.
Biophysical Journal 107(5) 1167–1175Since the cholesterol is coupled to the AFM tip via its
3OH group, we estimated to what extent this attachment
geometry influences the observed differences between
cholesterol extraction from LO and that from LD phases in
the SLB. Based on Table 3, the number of H-bonds formed
by the cholesterol 3OH group changes by only a fraction of
an H-bond between the LD and LO phases, whereas the num-
ber of nonpolar contacts changes by almost 10. This sug-
gests that the attachment of cholesterol to the AFM tip
does not significantly affect the observed differences be-
tween the binding of cholesterol to the LO and LD phases.DISCUSSION
Cholesterol is a key component in determining the physical
state of biomembranes of eukaryotic cells. In addition,
cholesterol can be used as a lipid anchor, e.g., for studying
DNA; and its ability to modify the biophysical properties of
biomembranes is used in biomimetic systems. To our
knowledge, this is the first AFM single-lipid-extraction
(SLX) study to provide insight into the forces experienced
by a single cholesterol molecule during extraction from
defined phases in SLBs. The general validity of our
approach is tested by extracting POPE from a POPC SLB.
The obtained extraction force (~50 pN) fits well with previ-
ous results (22). This is also in accord with the forces esti-
mated employing MD simulations.
In the following, we discuss in detail the extraction of
single cholesterol molecules from a phase-separated lipid
bilayer. The loading-rate-dependent extraction forces lie
between 12 and 36 pN and are therefore smaller but of the
same order of magnitude as the extraction forces of phos-
pholipids (22). In addition, this range is consistent with
our nonequilibrium MD pulling simulations, where we
obtain forces of ~100 pN at loading rates a factor of ~105
higher.
Note that in the MD simulations in the case of POPE ex-
traction from the POPC bilayer, the pulling-rate dependenceTABLE 3 Phase-specific average numbers of H-bonds,
charge pairs, and nonpolar contacts in a cholesterol molecule
LO phase LD phase
H-bonds 1.5 (5 0.1) 1.24 (5 0.2)
Other polar pairs 3.9 (5 0.1) 4.6 (5 0.6)
Nonpolar contacts 83 (5 1) 76 (5 2)
Average numbers were calculated using equilibrium MD simulations (i.e.,
without the pulling of cholesterol out of the bilayer).
Single Cholesterol Extraction from Lipid Membranes 1173plays a relatively small role. This is consistent with experi-
mental observations, where the pulling-rate dependence for
POPE extraction is significantly less pronounced than that
for cholesterol extraction (see Fig. S3). Surprisingly, the
pulling-rate dependence for cholesterol extraction force in
the LO and LD phases is similar, but the differences in force
are robust and consistent with experiments. Therefore, we
believe that our MD simulations provide a sensible molecu-
lar-level explanation of the observed greater stabilization of
cholesterol in the LO lipid phase.
Further molecular information from the experiments was
deduced by transforming the probability distributions at
different force loading rates into a force-dependent lifetime
distribution. The observed two regimes suggest that there is
an inner and an outer barrier in the energy landscape, where
the width of the outer barrier should in this case correspond
to the full length of the molecule (22). Indeed, the obtained
value corresponds well with the full length of the cholesterol
molecule (~1.6 nm).
Forces of R25 pN could cause a deformation of the
energy landscape in such a way that the inner barrier now
becomes the dominating one, resulting in a change of the
slope of the fit in Fig. 5. The location of the inner barrier
(i.e., the width of the inner potential) agrees, very well
with the length of the iso-octyl group of cholesterol
(~0.7 nm) (see Fig. 6).
The Bell model also directly yields natural lifetimes, i.e.,
the average time the cholesterol molecule would stay in the
lipid bilayer at zero force. A comparison between the two
lipid phases (LO and LD) shows that the cholesterol lifetimeFIGURE 6 The length of a cholesterol molecule is ~1.6 nm. The length
of its iso-octyl part is ~0.7 nm. Interestingly, these dimensions match
the widths of the full potential and the widths of the inner potential
obtained from the Bell model (Fig. 5). The PEG (which links the choles-
terol to the AFM tip) is attached to the oxygen atom of the 3-OH group
(asterisk).in the LO phase is ~10 times higher than in the LD phase for
both high- and low-force regimes (see Table 1). Other exper-
iments with lipid membranes show the same trends in
different lipid phases. For example, in one study the lifetime
of cholesterol was estimated to be 38 h on (saturated) SM
vesicles and 4 h on unsaturated diacyl phospholipids (32).
In a asimilar way, cell membranes exposed to an efficient
cholesterol acceptor (cyclodextrin) showed two kinetic
pools with half-lifetimes of 20 min and 20 s (33). These re-
sults are consistent with the concept of microdomains (slow
pool, LO phase) being surrounded by the rest of the plasma
membrane (fast pool, LD phase). Thus, our ratio for the
cholesterol lifetime in LO and LD phase is consistent with
measurements made by others.
Since the obtained lifetime of 90 s for the whole choles-
terol molecule (in the low-force regime) in the cholesterol-
rich LO phase seems to be relatively low, we compare it with
the situation in cholesterol micelles. To that end, we use an
approximation from Israelachvili (28) to calculate critical
micelle concentrations (CMCs):
CMCz55
tcollision
tresidence
: (7)
Here, the residence time, tresidence, corresponds to the mean
lifetime in our experiments and the collision time, tcollision,
corresoponds to a typical motional correlation time, on the
order of 107s for lipids (28).
Inserting into Eq. 7 our measured lifetime from the low-
force regime (Fig. 5) for the cholesterol-rich LO phase re-
sults in
CMCLOz55
107s
90s
½Mz60 nM: (8)
This corresponds well to the value of 25–40 nM reported in
(34) for the CMC of cholesterol with micelles. Thus, ther-
modynamic parameters from micelles and SLBs seem to
be rather similar.
MD simulations help to exclude the possibility of signif-
icant changes in the measured lifetimes resulting from our
attachment geometry (where PEG is linked to the 3OH
group), because they show that there is only a minor change
in the number of polar interactions around the 3OH group
(where the linker is attached; see Fig. 6). Furthermore, the
simulations suggest that the preference of cholesterol for
the liquid-ordered phase over the liquid-disordered phase
arises from nonpolar interactions between cholesterol and
other membrane components. This is evidenced by a signif-
icant (~9%) increase in the number of nonpolar contacts
with the change from the LD to the LO phase.
Regardless of which molecular interaction is mainly
responsible for the increased affinity of cholesterol for the
LO phase, this increase results in a higher cholesterol concen-
tration in the LO phase than in the LD phase, as well as a dif-
ference between the desorption energies in the two phases.Biophysical Journal 107(5) 1167–1175
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of the free-energy change, DG0;LO/LD, when cholesterol is
transferred from the LO phase directly to the LD phase (see
Materials and Methods and Fig. S2). This enables us to
compare our measurements to those of others.
Assuming that the cholesterol concentrations in both
phases are in equilibrium, and further assuming that choles-
terol concentrations can be used instead of the activities, one
can calculate this difference in the standard Gibbs free
energies (for the transfer of cholesterol from the LD to the
LO phase) from the ratio of the two concentrations by
invoking the mass action law (28).
DG0;LD/LO ¼ kBT ln ½CholLD½CholLO
[9]
Here, kBT is the thermal energy and ½Cholphase describes the
cholesterol concentration in the LD and LO phases.
We use Gibbs’ phase diagram (35) to obtain an estimate a
[Chol]LD/[Chol]LO ratio of 7:47. In this way, we get
DG0;LD/LO ¼ kBT ln 7%
47%
¼ 1:9 kBTð4:7 kJ=molÞ:
(10)
Now, this value can be compared to our value based on the
ratio of the lifetimes of the two phases, namely 2.1 kBT
(5.2 kJ/mol). Furthermore, and in agreement with our
data, Bezlyepkina et al. (36) state a value on the order of
2 kBT for the difference in standard Gibbs free energies
for the transfer of cholesterol from the LO to the LD phase.
Also, Tsamaloukas et al. (37) state a very similar value for
the transfer of cholesterol from POPC bilayers to POPC/
SM/Chol (40:40:20) bilayers, supporting our observation
that the membrane composition, rather than the phase, plays
the dominant role in the cholesterol partition between the
phases. Finally, DG0;LD/LO provides additional valuable in-
formation to determine tie lines.CONCLUSIONS
We have designed and carried out an AFM force spectro-
scopic experiment to determine the anchoring strength of
a single cholesterol molecule in the LO and LD phases of a
phase-separated lipid bilayer made from a tertiary lipid
mixture. Loading-rate-dependent measurements with a con-
stant linker length make it possible to compare extraction
force, unloading lifetime, width of the Bell potential, and
interaction free energy for the two phases. These phases
could be imaged by AFM in advance, making feasible a
direct correlation of topographic features (i.e., the LD and
the LO phases) with force data.
As expected, the extraction forces for the LO phase are
significantly higher than those for the LD phase, but overall,
the estimated lifetimes come out rather short (by tens of sec-
onds). We therefore provide a thorough energetic discussionBiophysical Journal 107(5) 1167–1175and a comparison with the CMCs of similar systems, as well
as with equilibrium and nonequilibrium (pulling) MD sim-
ulations, to support our findings. The MD simulations in
addition show that the main difference between cholesterol
interaction in the LO and that in the LD phase is due to
changes in nonpolar contacts. Our experiments constitute
an important step toward understanding microdomain for-
mation and stability. We anticipate that this method will
be extended toward protein-lipid interactions.SUPPORTING MATERIAL
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